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INTRODUCTION

The present experiments were undertaken to further the knowledge
of the metabolism of Chilomounas, using temperature as the variable fac-
tor, and noting its effects on the frequency of division and on the volume
of starch and fat.

Chilomonas parameciim is a small biflagellated protozoan of elliptical
shape, filled with numerous round particles. It has been known since
the publication of Ehrenberg (1838), in which it was described, pic-
tured and named. Its particles were noted but incorrectly described as
food vacuoles. Since then many investigators have contributed to the
knowledge of this organism. Schneider (1854) recognized the starchy
nature of some of the particles. Fisch (1885) and Dangeard (1910)
described chilomonads and added briefly to the knowledge of the or-
ganism,

Mast and Pace (1932a, 19320, 1933, 1935, 1937, 1938) made two im-
portant contributions to the study of Clilomonas. First, they developed
methods for cultivating the species in a bacteria-free solution of inorganic
salts plus sodium acetate ; second, they discovered that some of the parti-
cles in the chilomonads were composed of fat. In their experiments
they observed the irequency of division and the volume of starch and of
fat in various solutions at a constant temperature.

Chilomonas possesses four properties that make it admirably suited
for physiological experimments. First, using the methods of Mast and
Pace, it can be grown in sterile solutions containing relatively simple
solutes.  Second, it divides at a fairly uniform rate. Third, it lives and

1 The author gratefully acknowtledges the valuable suggestions oi Dr. S. O.
Mast and Dr. D. M. Pace, the patience of Mrs. L. Carper in obtaining equipment
and supplies, and the many tolerant criticisms of Dr. M. E. Smith and others in

preparing the manuscript, figures, and tables.
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thrives in a temperature range extending over twenty degrees. Fourth,
it possesses a fairly uniform number of particles of starch and fat which
are undoubtedly forms of stored food material.

MATERIALS AND METHODS

The organisms were obtained from a strain grown in this laboratory
for many years and cultivated exclusively in bacteria-free solutions con-
taining sodium acetate and inorganic salts. In recent years, the strain
had been kept at temperatures between 24° and 27° C.

TaBLE I

Culture solutions for Chilomonas paramecium. The acetate ammonium solution
is that of Mast and Pace (1938); the acetate-free solution is a modification free of
nutritive substances.

Acetate ammonium Acetate-free
solution solution
Sodium acetate,
NaCH;0:.3H0 ........... .. 248.8 mg. —
Ammonium chloride,
NHCL. ... 46.0 46.0 mg.
Dipotassium hydrogen phos-
phate, KeHPOy. . ........ ... 20.0 20.0
Ammonium sulphate,
(NH)2SOs. oo , 10.0 10.0
Magnesium chloride, !
MgClao oo 1.0 1.0
Calcium chloride,
CaCly. oo 1.16 1.16
Sodium chloride,
NaCl....................... — 112.5
Sodium sulphate,
NaSO4-THO .. ... ... ... .. — 47.0
Distilled water................. 100.0 ml. 100.0 ml.

The culture solutions used in the experiments are described in Table 1.
The acetate anunonium solution is that of Mast and Pace (1938) and
was used in all experiments requiring a nutrient medium ; the acetate-
iree solution was used in experiments in which no food was supplied to
the chilomonads.

The water used in making all solutions was redistilled in a Pyrex
still and condenser and stored in Pvrex flasks until used.

The chemicals were Kahlbaum'’s © fir Analyses " or ““ highest purity ”
except the sodium chiloride which was Merck’s ““ for biological purposes.”
The calcium and magnesium chlorides were weighed out approximately
and dissolved in water, the molarity of the solution ascertained by the
Mohr (1856) method for determination of chlorides, and the solutions
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were then diluted to the required concentration. The required amounts
of the other salts were weighed out and dissolved in the required volume
of water.

Sterility of all solutions was maintained by heating in a hot air oven
at 85° C. for 30 minutes on cach of three days or by heating in an
autoclave at 15 pounds pressure for 15 minutes. Cultures contaminated
with bacteria or mold appeared occasionally but were discarded immedi-
ately and replaced by uncontaminated cultures. The results presented
in this paper were obtained with chilomonads growing in sterile solutions.

All new slides and glass tubing were thoroughly cleaned by boiling in
a strong aqueous solution of soap, rinsing, immersing in sulphuric-
chromic acid cleaning fluid, and rinsing thoroughly in tap and distilled
water. The culture slides were nmade of Pyrex glass and each had two
depressions ; these were placed in clean square Petri dishes, two slides to
each dish, and the assembly sterilized in a hot air oven at 150° C. for
60 minutes.

Two types of pipettes werc used, the * capillary pipettes ” for isolat-
ing individual chilomonads, and the “measuring pipettes ” for measur-
ing and transferring solutions. Both types were made as follows: Pyrex
tubing was cut into appropriate lengths, one end of each length was
flanged to hold a medicine-dropper bulb and stoppered with cotton. The
other end was drawn to a capillary point or calibrated to measure 0.1 cc.
of flmid. Five such pipettes were put into test tubes, which were stop-
pered and sterilized at 150° C. for one hour. The pipettes were rinsed
and sterilized after each usage.

Eight temperatures, cach constant to = 0.25° C., were available in a
large rectangular bath. A compartment at one end contained a refriger-
ating unit, another at the other end a heating unit, and both were con-
trolled by Aminco Metastatic thermoregulators. Stirrers provided a
uniform temperature gradient between the two end compartments. Ad-
ditional temperatures constant to == 0.5° C. were available in a small bath.

In all experiments on the frequency of division the “isolation cul-
ture ” method was employed. In this method, one chilomonad was iso-
lated in a depression; the frequency of division was calculated from the
number of progeny produced in a given time. Isolation cultures were
prepared as follows. The hydrogen ion concentration of the acetate
ammonium solution, prepared and sterilized as described above, was ad-
justed to pH 6.8 with sodium hydroxide or hydrochloric acid. A small
quantity (0.1 cc.) was put into the depressions of clean, sterile slides in
Petri dishes. A few cubic centimeters of water were poured into the
bottom, and the dishes. were put into the bath at constant temperature.
After the temperature of the solution had reached that of the bath, one

.
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chilomonad was introduced to each depression. The dish was left un-
disturbed for about 24 hours, and then the number of chilomonads in
each depression ascertained. One of these chilomonads from each de-
pression was transferred to the corresponding depression of a new dish
and the process repeated as often as desired. The number of chilo-
monads in eight depressions was determined in each observation.

From the counts of chilomonads obtained in this manner, the fre-
quency of division in divisions per hour was calculated as follows. The
mean number of chilomonads per depression was computed. The num-
ber in the geometric progression of 2 immediately below the mean was
subtracted from the mean; the remainder was divided by the same
number in the geometric progression of 2 to give the fraction of divi-
sions more than the last complete division. The result was added to
the number of complete divisions. An example will elucidate the method.
If 39 chilomonads were found in 8 depressions, then each had an
average of 7.4 chilomonads. The number in the geometric progression
of 2 immediately below 7.4 is 4, representing 2 complete divisions.
Thus, 4 was subtracted from 7.4, and the difference, 3.4, divided by 4 to
give 0.85 divisions more than the last complete division. The total
number of divisions was 2 plus 0.85, or 2.85 divisions.? Convenient
tables were constructed to abbreviate the calculations. The final value
was last divided by the number of hours between observations to give
divisions per hour. The method of computing the number of divisions
is given here in detail because it differs radically from the method used
by Mast and Pace (1933, 1935) for determining the frequency of divi-
sion of chilomonads in isolation cultures.

There was much variation in the frequency of division and in the
volume of starch and of fat under identical conditions of nutrition and
temperature, so statistical methods were used to ascertain significant
differences. The methods are those described in standard textbooks of
statistics, such as Gavett (1925).

2Jt must be pointed out that the method described here is actually only a
method of first approximation. The exact number of divisions can be determined
from any number of organisms by applying the following equation:

y = le N
log 2

where NV is the average number of chilomonads per depression, and X is the number
oi divisions.
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EXPERIMENTAL RESULTS

The Effect of Temperature on the Frequency of Division of
Chilomonas paramecinimn

Chilomonads were grown exclusively in isolation cultures at all tem-
peratures available, and the frequency of division measured, The re-
sults of this experiment are presented in Fig. 1. The figure shows that
the frequency of division rises from zero at 9.5° C. to a maximum at
26°-30° C., and then decreases to zero at 35° C. Below 30° C. the
measured frequency of division reflects correctly the rate of reproduc-
tion because the organisms live and thrive indefinitely. Above this tem-
perature, however, the actual frequency of division may or may not
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F1c. 1. The relation between temperature and the frequency of division of
Chilomonas paramecium.

increase ; the actual change is obscured by a decrease in the number of
chilomonads brought about by death.

These cxperiments indicate that Chilomonas, like other living or-
ganisms, exhibits an increase in the metabolic activity (measured by the
frequency of division) as the temperature rises to an optimum and then
a decrease as the temperature rises still further. The reader is referred
to Bélehradek (1935) for an extensive review of this phenomenon.

An interesting observation was made in some preliminary experi-
ments: for a short time after transfer of chilomonads from lower to
higher temperatures, their irequency of division was low; gradually,
however, it increased to that characteristic of the higher temperature.
The experiment was repeated as follows to measure this phenomenon
accurately and {o seek other effects of low temperature on the frequency
of division,
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The organisins, apparatus, and materials were the same as in the
preceding experiment. A clone derived from one chilomonad was grown
at 27° C., and several from this clone were transferred to each of about
80 depressions and allowed to divide extensively at 27° C. These
“stock cultures” were transferred to the compartment at 13.5° C. and
left one week. Then isolation cultures were prepared and transferred
to the six higher temperatures, where they were maintained and observed
for two weeks. At the same time, the ““stock cultures” were trans-
ferred to the compartment at 9.5° C. where they were kept for four
weeks or until all chilomonads died. Tsolation cultures were made from
the ““ stock cultures” at intervals of one week, transferred to the seven
higher temperatures, maintained and observed for a period of two weeks
after establishment or, as was the case at 39° and 35° C., until all
chilomonads died. The results are presented in detail in Figs. 2 and 3.

Figure 2 shows that during the first 48 hours after transfer from
the low temperatures, the frequency of division increased from zero to
that characteristic of the higher temperatures. Furthermore, after this
period, the frequency of division remained constant at a value charac-
teristic of the temperature studied, except that of those chilomonads
exposed to 9.5° C. for 3 and 4 weeks, respectively, and observed at
30° C., which decreased to zero.

From this figure, three facts are evident. TFirst, the exposure to low
temperature modified the organisms so that their frequency of division
was inhibited for a time after removal from the low temperature. Sec-
ond, after the period of recovery from the effects of low temperature,
the frequency of division became constant at a value characteristic of
the temperature studied; in other words, exposure to low temperature
had no permanent effect on the frequency of division. Third, all ex-
posures to low temperature longer than one week had identical effects
on the frequency of division at higher temperatures in which the chilo-
monads live indefinitely.

But what are the effects of exposure to low temperature on the
frequency of division at temperatures in which the chilomonads do not
live indefinitely? The following experiment answers this question.

Chilomonads were transferred from the “ stock cultures” used in
the preceding experiments to temperatures of 35° and 30° C. The
chilomonads always die eventually at 35° independent of their treat-
ment ; at 30°, however, they normally live and flourish indefinitely. The
results are presented in Fig. 3.

In the figure, the ““ percent surviving ” was obtained by dividing the
number of organisms living at the end of an observation period by the
number introduced at the beginning and multiplying the result by 100.

)
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F1G. 2. The effects of prolonged exposures to low temperatures on the fre-
quency of division at temperatures in which chilomonads live indefinitely.

O, exposed to 13.5° C. for 1 week.

», exposed to 13.5° C. for 1 week, then to 9.5° C. for 1 week.
, exposed to 13.5° C. for 1 week, then to 9.5° C. for 2 weeks.

A exposed to 13.5° C. for 1 week, then to 9.5° C. for 3 weeks.

w , exposed to 13.5° C. for 1 week, then to 9.5° C. for 4 weeks.
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’

Obviously, this *“ percent surviving ” is the result of two opposing fac-
tors: the reproduction of the organisms on the one hand, and death of
the organisms on the other hand.

Figure 3 shows that after the same period at 35° C., the percentage
surviving decreased as the exposure to 9.5° C. increased. The figure
also shows that after the various exposures to 9.5° C., the percentage
surviving decreased as the exposure to 35° C. progressed. Furthermore,
the figure shows that as the exposure to 9.5° C. increased, the time
chilomonads lived at 35° C. decreased.
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FIG. 3. The effects of prolonged exposures to low temperatures on the fre-
quency of division at temperatures in which chilomonads do not live indefinitely.

O, exposed to 13.5° C. for 1 week, then observed at 35° C.

Col, exposed to 13.5° C. for 1 week, then to 9.5° C. for 1 week, then observed
. 3'5‘(;35:;3xposed to 13.5° C. for 1 week, then to 9.5° C. for 2 weeks, then observed
o 35??;3xposed to 13.5° C. for 1 week, then to 9.5° C. for 3 weeks, then observed
" 3s?f:;:xposed to 13.5° C. for 1 week, then to 9.5° C. for 4 weeks, then observed
" ssg?éxposed to 13.5° C. for 1 week, then to 9.5° C. for 3 weeks, then observed
. zzogéxposed to 13.5° C. for 1 week, then to 9.5° C. for 4 weeks, then observed
at 30° C.

It was noted above in Fig. 2 that the temperature of 30° C. acted
as a viable temperature except when the chilomonads had been exposed
to 9.5° C. for 3 and 4 weeks, respectively. Figure 3 also illustrates the
effects of this low temperature on the percentage surviving at 30° C.: the
same three phenomena evident at 35° C. appear. Experimental error ac-
counts for the final rise in the percentage surviving of chilomonads
subjected to 9.5° C. for 4 wecks.

Several conclusions may be drawn from these experiments. First,
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exposure to low temperatures modifies the organisms in such a way
that the frequency of division is low for a short time after transfer to
higher temperatures. Second, the same modification apparently lessens
the vitality of the organisms, because the ability to withstand detrimental
effects of lethal high temperatures is reduced. Third, at temperatures
in which the chilomonads live indefinitely the effects of the exposure to
low temperature do not persist longer than 48 hours, but in other tem-
peratures the organisms exhibit a decrease in survival that is in direct
ratio with the length of exposure to low temperature.

Certainly the exposure to low temperature does modify the chilo-
monads. Modifications of this sort have been noted before. Dallinger
(1887) induced modifications in certain monads that enabled them to
live at very high temperatures and made it impossible for them to
survive at the temperature in which unmodified monads flourished.
Hance (19135) notes that a particular strain of Paramecium caudatum
was able to resist higher temperatures than most and says that the
former might have arisen in experiments dealing with high tempera-
tures. Thus the present experiments serve to verify other observations,
showing that organisms can be modified by environment and that the
modification can persist for some time. The nature of the modification
will be discussed again below under the effects of temperature on the
changes in the volume of starch and fat.

The Effect of Temperature on the olume of Starch and Fat in
Chilomonas parameciun

The body of Clilomonas parameciim under conditions of optimum
nutrition and temperature contains a fairly uniform number of particles;
some of these give reactions characteristic of starch, some characteristic
of fat. Under adverse conditions, the number and size of the particles
may decrease or increase markedly. Mast and Pace (1932a. 1932b.
1933, 1935, 1937, 1938) make observations on the starch and fat of
Chilomonas in solutions containing various substances always at one
constant temperature. In their studies. they examined several chilo-
monads, then made a camera lucida drawing of a typical organism or
of one taken at random. The present experiments were undertaken,
first, to measure the actual volume of starch and fat in chilomonads,
second, to observe the effects of different temperatures on the volume
of starch and fat, and third, to ascertain the relation between the starch
and fat and the frequency of division.

1. Tn acetate ammoniin solution.—Experiments to ascertain the
effects of various temperatures on the starch and fat under optimum
conditions of nutrition were performed to supplement those of Mast
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and Pace on starch and fat under various conditions at one constant
temperature.

The organisms, solutions, chemicals, and glassware were precisely the
same as in preceding experuments. The same methods were used to
maintain sterility of the solutions, and the results appearing in this
paper were obtained with solutions sterile except for the presence of
the experimental chilomonads.

It was necessary to have a large number of organisms for each obser-
vation. To accomplish this several were transferred instead of the
single chilomonad at establishment of cach new culture.

The following procedure was used to measure the volume of starch
and fat in Chilomonas. Several chilomonads from an experimental cul-
ture were drawn into a capillary pipette with the smallest volume of
fluid ; these were ejected on an ordinary glass slide, and surrounded by
a ring of vaseline. Then one small drop of Lugol’s solution and one
of a saturated solution of Sudan III in absolute alcohol were added in
succession with glass rods or wire loops. A cover-glass was placed over
the drop and maneuvered to hold the drop in the center of the ring.
This was observed with a microscope equipped with an ocular microm-
eter, and the size of each particle of starch and fat recorded. Five
chilomonads were measured in each observation. Statistical methods
were employed to ascertain significant differences.

Prelimiary experiments showed that three temperature ranges could
be distinguished: (a) the range between about 10°-13° C. and 30° C.
in which the chilomonads live indefinitely (viable temperatures), (b)
the range above the one in whicli the chilomonads live indefinitely (lethal
high temperatures), and (¢) the range below the one in which chilo-
monads live indefinitely (lethal low temperatures). Experiments were
designed to show the effects of these three ranges on the volume of
starch and fat.

a. Viable Temperaturcs—The results of the experiments at viable
temperatures are shown in the second and fourth columns of Table IT.
It is there shown that the volume of starch and fat per chilomonad at all
viable temperatures is the same.

In order to obtain a more nearly complete analysis of the effects of
viable temperature, the total volume of starch and fat synthesized by
the progeny of one chilomonad in a 24-hour period was computed. This
was done as follows. The number of divisions per 24 hours and thence
the number of progeny produced irom one chilomonad in that period
were deduced from Fig. 1. By multiplying this number by the volume
of starch and fat per chilomonad, the total volume of starch and fat
synthesized in this period were obtained. The results are presented in
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the third and fifth colummns of Table IT. It is there shown that as the
temperature rises within the viable temperature range, the volume of
starch and fat synthesized increases.

The remarkable part of these experiments is that although the rate of
synthesis of starch and fat increases as the temperature rises within the
viable temperature range, the volume of starch and fat per individual re-
mains the same. Omne of two hypotheses may explain the situation.
First, this may mean that under optimum conditions of salt concentra-
tion and nutrition in viable temperatures, the rate of synthesis of starch
and fat controls the frequency of division. Second, the starch and fat
may be by-products of metabolism, by-products which can be utilized as
food materials under adverse conditions of nutrition, and their produc-
tion and the frequency of division may take place at such rates that the
volume of starch and fat remains constant.

TasBLE II

The effect of viable temperatures on the volume of starch and fat per individual
chilomonad and on the volume of starch and fat synthesized by the progeny of one
chilomonad in a 24-hour period.

Tem- Estimated volume of Estimated volume of
pera- Volume of starch starch produced by Volume of fat fat produced by
tore per individual progeny of one chilo- per individual progeny _of one chilo-
monad in 24 hours monad in 24 hours
30° C. 299.11485.18 3806.87 52.07£20.12 701.67
27.3° 298.27499.68 2907.53 66.92+22.48 652.08
23.2° 297.96+88.76 1348.15 65.99-£32.76 298.43
18.5° 288.13£72.54 785.62 96.56 +49.92 262.02
13.5° 314.18£61.15 518.86 119.50434.01 197.34

b. Lethal High Temperatures—The experiments were performed
like those preceding, except that temperatures above the viable tempera-
ture range were used, that transfers were made at 24-hour intervals only
when the experiment lasted several days, and that observations werc
made at 12-hour intervals. The results are presented in Fig. 4.

The figure shows that as the temperature rises above 32.5° C. the
chilomonads lived for decreasing periods of time, and the volume of
starch and fat increased as the exposure to the high temperature pro-
ceeded. This increase is due to two factors. TFirst, the rate of synthesis
either increased or was uninhibited. Second, there was a direct ratio
between the length of life and the amount of accumulation. These two
factors acted together to cause the greatest accumulation at 35° C.

It will be recalled that in experiments cited above, the frequency of
division decreased as the temperature rose above the optimum ; this, as
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was pointed out, was largely due to the increase in the death rate and
probably also to an actual decrease in the division. The present experi-
ment demonstrates that the synthesis of starch and fat continues above
30° C., a temperature optimum for division, since starch and fat that
would go into two or more dividing organisms now accumulate in one.

Thus the synthesis of starch and fat cannot control the frequency
of division at lethal high temperatures. It is obvious that the frequency
of division is inhibited whereas synthesis continues.

T

I3 o 36.5°C
500

T

30 60 90 120
OBSERVATION PERIOD IN HOURS

Fi1G. 4. The effect of three lethal high temperatures on the volume of starch
and fat in Chilomonas paramecium.

O, volume of starch per chilomonad; ¥, volume of fat per chilomonad.

c. Lethal Low Temperatures—These experiments were performed
exactly as the preceding except as follows. A temperature of 9.5° C.
was used since the organisms live for a considerable time but eventually
die. Acetate ammonium solution was put into about 80 depressions,
several chilomonads from a clone introduced to each, and the dishes put
into the compartment at 27° C. for 24 hours until the chilomonads had
become numerous. Then they were put into the compartment at 9.5° C.
and observed periodically for 600 hours until the last chilomonad died.
During this time the solution was replenished occasionally with fresh
acetate ammonium solution. The results of this experiment are pre-

sented in Table TTI.
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The table shows that as the period at 9.5 C. is prolonged, a decrease
i the volume of starch 1s followed by an increase in the volume of fat.
However, a statistical analysis shows that these changes are insignificant.
The tendency for starch to decrease and fat to increase is, no doubt,
present but is obscured by the great variation m the starch and fat in
individuals under identical conditions.

It is quite probable that the modification of the irequency of division
and the ability to survive at lethal high temperatures noted above as the
result of prolonged exposure to low temperature is due to changes in the
volume of starch and fat. However, experiments to be cited below indi-
cate that the rate of resynthesis of starch and fat 1s so fast that the

TarLe IIIL

The effect of a lethal low temperature, 9.6° C., on the volume of starch and fat
per chilomonad.

0

|

Time at Volume of starch, Volume of fat,

9.6° C. cubic micra cubic micra

30 hours 165.4435.9 3594 9.4

33 220.0453.0 2344 14.0

90 138.8+ 7.8 28.1+ 3.1
124 37.4425.0 37.7+ 273
161 05.5+£35.9 48.44 39.0
211 28.1425.0 129.54 93.6
233 | 68.6429.6 2.1+ 18.7
292 | 51.5+£10.9 842+ 4211
329 " 59.3 +59.1 73.3+ 25.0
353 | 106.1426.5 73.3+ 25.0
403 ‘ 76.4449.9 764+ 31.2
197 | 71.8454.6 173.2+138.8
521 99.8+64.0 248.04126.4
598 64.0428.3 224.64163.8

modification can be accounted for onty in part by changes in the starch
and fat induced by low temperatures.

Since there is no division at this temperature and no increase in the
volumes of starch and fat in the first 400 hours, there is no synthesis of
these substances. Death could well be due to starvation in that no avail-
able food products are synthesized.

The decrease in the volume of starch followed by an increase in fat
indicates that starch is probably transformed into fat.

2. In Acetate-free Solution—Mast and Pace (1932¢, 19320, 1933)
showed that if sodium acetate is omitted from solution, the volumes of
starch and fat decrease to zero, and the chilomonads die of starvation.
Their experiments were performed at one constant temperature, and they
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made no actual numerical measurements of the volumes of starch and of
fat. The present experiments were designed to ascertain the effects of
temperature on the process of starvation of chilomonads in acetate-free
solution and the effects of temperature on the recovery from starvation
in acetate ammonium solution.
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F1G. 5. The effect of viable temperatures on the change in the volume of starch
and fat of chilomonads in acetate-free solution.

O, volume of starch per chilomonad; ¥, volume of fat per chilomonad.

Glassware and pipettes were the same as in the preceding experi-
ments. The acetate-free solution described in Table I was used as the
culture medium. The hydrogen ion concentration was adjusted to pH
6.8 with hydrochloric acid or potassium hydroxide, both prepared from
boiled redistilled water. The Petri dishes were prepared as in the pre-
ceding experiments, except that a saturated solution of barium hydroxide
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was poured into the bottom; this served to decrease the concentration of
carbon dioxide in the atmosphere of the dish and to prevent the con-
densation of water beneath the depression shides.

A large number of chilomonads was transferred through four de-
pressions containing acetate-free solution and then to the experimental
acetate-free solution. It was then put into the constant temperature
bath. No further transfers were made. The results of this experiment
are presented in Fig. 5.

Figure 5 shows that the volume of starch decreased to a minimun,
that the volume of fat first increased, then decreased to a minimum, and
that these changes in the volumes of starch and of fat took place faster
at higher than at lower temperatures.

Thus the same reaction occurs at the three temperatures studied;
temperature acts as an agent that influenced the speed but not the proc-
esses mvolved in the reaction.

The changes noted here are similar to those mdicated by the experi-
ments cited above on the effects of lethal low temperatures. From these
two sets of experiments, one can assume that under conditions in which
there is no synthesis, the starch is gradually consumed, perhaps partially
transformed into fat, and then the fat is consumed.

A second group of experiments was performed similar to the pre-
ceding, except that starved chilomonads obtained from cultures prepared
as in the preceding experiment, were transferred directly to acetate am-
monium solution. Synthesis of both starch and fat was rapid, requir-
g about 12 hours at 30°, about 15 hours at 23°, and about 18 hours at
13.5° C. for the volumes to increase from zero to the maximum typical
of chilomonads grown in viable temperatures.

DiscussioN

The use of change in the volume of starch and fat as indicative of
changes in metabolism of chilomonads raises three questions. First, is
the method described in this paper sufficiently accurate to measure any
changes in the volume of starch and fat? Second, is the change in the
volume of starch and fat actually indicative of changed metabolism?
Third, is the volume indicative of the mass of starch and fat?

The method is seldom very accurate. This is due to three factors:
first, measurement of all particles is optically difficult; second, the parti-
cles are not ahvays spherical, and their spherical diameter must be esti-
mated; third, there is considerable variation in organisms kept under
identical conditions. However, the niethod is undoubtedly more accurate
than comparing organisms by means of camera lucida drawings or esti-
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mating the relative amounts of starch and fat from a series of such
drawings.

It is the author’s contention that the volume of starch and fat may be
mdicative of the metabolic rate of the organism. The entire body of
chilomonads living in acetate ammonium solutions, in natural ponds, or
1 rice cultures, is always well filled with starch and fat. This condition
probably results from a balance between synthesis and decomposition of
starch and fat; it is likely that in such an environment the chilomonads
have a characteristic metabolic rate. -\ modification of the environment
might upset this balance, causing a change in the rate of synthesis or
decomposition, and subsequently, a change in the volume of starch and
fat. Such changes would be accompanied by an alteration of the meta-
bolic rate to a new and different characteristic value. Changes in the
volume of starch and fat occurred and were described above ; these were
probably accompanied by changes in the metabolic rate.

The volume has been assumed m this paper to be an index of the
mass of starch and fat. This 1s true if there are no changes in the
chemical composition which alter the specific gravity of the starch and
fat. Temperature is known to alter the iodine number of fats ex-
tracted from living organisms, but no experiments have been done on
chilomonads to ascertain changes in the chemical composition of their
protoplasm.

SuUMMARY

1. Chilomonas parameciiim was grown in a solution of inorganic salts
plus sodium acetate, and the effect of temperature on the frequency of
division and on the volume of starch and fat measured.

2. As the temperature rises the frequency of division increases from
zero at 9.5° C. to a maximum at 27°-30° C. and then decreases to zero.

3. When chilomonads are transferred from low temperatures to
higher temperatures, a period of about 48 hours is required before the
frequency of division increases to the value characteristic of the higher
temperature.

+. When chilomonads are exposed to the low temperature of 9.5° C.
for prolonged periods, then transferred to higher temperatures, the lethal
high temperature and the period required to kill the organisms decrease.
This indicates that the low temperature modifies the organisms and that
the modified condition persists for some time.

5. At all viable temperatures, the volume of starch and fat per chilo-
monad remains constant, but as the temperature rises from 9.5° C., the
volume of starch and fat synthesized increases, reaching a maximum at

30° C.
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6. When organisins are exposed to lethal high temperatures there is
an increase in the volume of both starch and fat.  This is undoubtedly
due to the fact that synthesis at these temperatures is not greatly im-
peded, that division decreases or ceases, but that the organisms live for a
time and accumnlate some starch and fat.

7. At lethal low temperatures, division ceases, there is a gradual de-
crease in the volume of starch accompanied by an insignificant increase
in the volume of fat.

3. In solutions without sodinm acetate, there is a decrease in the vol-
ume of starch to zero, an initial increase and a snbsequent decrease in the
volume of fat to zero. This process is identical at all viable temperatures
but proceeds faster at the higher temperatures.

9. Synthesis of starch and fat by starved chilomonads in acctate am-
nmonium solution is rapid and varies directly with the temperature.

10. The method of observing and measuring the volume of starch
and fat has several drawbacks but does indicate changes with some ac-
curacy.

11. The volume of starch and fat may indicate the metabolic rate of
the organisms. Chilomonads hving in an environment optimum for
nutrition and temperature are filled with starch and fat and probably
have a characteristic metabolic rate resulting from a balance in the rates
of synthests and decomposition of starch and fat. Changes in the en-
vironment may result in the hreakdown of the balance, change in the vol-
ume of starch and fat, and probably a change in the metabolic rate.

BIBLIOGRAPHY

BELEnrADER, J., 1935, Temperature and living matter. Drotoplasma M ono-
graphicn, Sth Bd., 227 s., Berlin.

Darrincer, W. H., 1887. The President’s address. Jour. Royx. Micr. Soc., for the
year 1887, Part 1, pp. 185-199,

DanNcearp, P. A, 1910. Ltudes sar le Développement et la Structure des Or-
ganismes inférieurs. Le Botaniste, 11: 1-311.

Enrenperg, CHrIsTIAN GoTTFRIED, 1833, Die Infusionsthierenen als vollkommene
Organismen. Leipzig.

Fiscn, C., 1885, Untersuchungen tiber einige Flagellaten und verwandte Organis-
men. Zeitschr. f. wiss. Zool., 42: 47-125.

Gaverr, G. Irvixne, 1925, A First Course in Statistical Method. McGraw-Hill
Book Co., New York.

Haxcg, Rogert T., 1915. The inheritance of extra contractile vacuoles in an un-
unusual race of Paramoecium caudatum. Seience, No 5., 42: 461-462.

MasT, S. O. axp D. M. Pace, 1932a.  Synthesis of carbohydrates, lipids and pro-
teins from inorganic salts, carbon dioxide and water in the absence of
chlorophyll and light. .dm. Jour. Physiol., 101: 75 (abstract).

——— 1932b. Synthesis of protoplasm from inorganic compounds in the colorless
animal, Chilomonas paramecium. .inat. Rec., 54: 101-102 (abstract).



396 JAY A. SMITH

——, 1933. Synthesis from inorganic compounds of starch, fats, proteins and
protoplasm in the colorless animal, Chilomonas paramecium. Protoplasma,
20: 326-358.

—, 1935. Relation between sulfur in various chemical forms and the rate of
growth in the colorless flagellate, Chilomonas paramecium. Protoplasmna,
23: 297-325.

———, 1937. The effect of silicon on growth and respiration in Chilomonas para-
mecium. Jour. Cell. and Comp. Physiol., 10: 1-13.

— 1938. The relation between the hydrogen ion concentration of the culture
medium and the rate of reproduction in Chilomonas paramecium. Jour.
Exp. Zool., 79: 429-434.

MomRr, Dr., 1856. Neue massanalytische Bestimmung des Chlors in Verbindungen.
Leibig’s Ann., 97 : 335-338.

SCHNEIDER, A., 1854. Beitrige zur Naturgeschichte der Infusionien. Miiller’s
Archiv f. Anatomie, 191-207.



